-l

.

NASA SP-98

o~

2

= {ACCESSION MBER) {THRU)

;4 ‘-/

; 5 /

|9 -

:

et {PAGES) {CODE)

-4

2 =0

2 = -
(NASA CR OR TMX OR AD NUMBER) {(CATEGQRY)

Planetary
Atmospheres
1958-1964

GPO PRICE $ :

CFSTI PRICE(S) $

Hardd copy (HC)

Microfiche (MF) ‘ 79

#8513 July 65

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION




NASA SP-98

Significant Achievements in

Planetary

Atmospheres
1958-1964

')' Scientific and Technical Information Division 1966

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Washington, D.C.




FOR SALE BY THE SUPERINTENDENT OF DOCUMENTS, U.S. GOVERNMENT PRINTING
OFFICE, WASHINGTON, D.C.. 20402 - PRICE 45 CENTS




Foreword

T HIS VOLUME IS ONE OF A SERIES which summarize the
progress made during the period 1958 through 1964
in discipline areas covered by the Space Science and
Applications Program of the United States. In this
way, the contribution made by the National Aero-
nautics and Space Administration is highlighted against
the background of overall progress in each discipline.
Succeeding issues will document the results from later
years.

The initial issue of this series appears in 10 volumes
(NASA Special Publications 91 to 100) which describe
the achievements in the following areas: Astronomy,
Bioscience, Communications and Navigation, Geodesy,
Ionospheres and Radio Physics, Meteorology, Particles
and Fields, Planetary Atmospheres, Planetology, and
Solar Physics.

Although we do not here attempt to name those who
have contributed to our program during these first 6
years, both in the experimental and theoretical research
and in the analysis, compilation, and reporting of
results, nevertheless we wish to acknowledge all the
contributions to a very fruitful program in which this
country may take justifiable pride.

.............

Associate Administrator for

Space Science and Applications, NASA
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Preface

ASIGNIFICANT ADVANCE in understanding the Earth’s
atmosphere has been achieved in the years 1958-
1964 as a result of experiments conducted from satellites
and sounding rockets and a supporting program of labora-
tory and theoretical research. New information concern-
ing the atmospheres of the other planets has been acquired
and the next few years hold great promise for direct
investigation of the atmosphere of Mars.

This report is concerned with the present status of
knowledge and the results that have been obtained on the
Earth’s atmosphere above approximately 30 kilometers
in altitude, and on the atmospheres of the other planets,
in particular, Mars and Venus. It is also the purpose of
this report to discuss the current problems in this discipline
and to indicate the direction of future research efforts as it
appears at this time.

Probably the greatest change in our understanding of the
Earth’s upper atmosphere is recognition of the variability
in structure and composition that occurs with changes in
latitude, altitude, time of day, season, and solar cycle. It
is now recognized that some important atmospheric proc-
esses occur under conditions considerably removed from
equilibrium, and our theories must be modified to account
for these effects. The upper atmosphere has been found
to be quite responsive to external energy inputs, princi-
pally, but not exclusively, of solar origin. The following
items represent a selection of significant advances in
somewhat more detail.
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PLANETARY ATMOSPHERES

The temperature of the isothermal region (al-
titudes above about 300 kilometers) of the at-
mosphere has been found to be variable, ranging
from 700° to 1800° K and higher, depending
upon time of day, solar activity, sunspot cycle,
latitude, and time of the year.

Electron temperature in the F-region and
above has been found to exceed neutral-particle
temperature during the daytime, especially in the
early-morning hours.

The altitude at which molecular diffusion be-
gins to become important in determining the
distribution of atmospheric constituents has been
well established at about 105 kilometers.

Hydrogen and helium have been found to be
important constituents of the Earth’s outer at-
mosphere. The density of the atmosphere at
these extreme altitudes is much greater than
previously believed.

The density of the upper atmosphere has been
found to vary in the same manner as tempera-
ture, but with larger relative amplitude. A di-
urnal bulge exists on the daytime side of the
Earth, with the maximum occurring in the early
afternoon.

Strong wind-shear zones have been found in
the region from 70 to 120 kilometers. At about
150 kilometers, the winds appear to be equator-
ward, although the details are not clear.

Rocket observations have confirmed the exist-
ence of a hydrogen geocorona, forming the out-
ermost portion of the Earth’s atmosphere.

The role of atomic and molecular oxygen and
nitrogen in airglow processes is becoming bet-
ter understood. The equatorial red arc, due to
the oxygen red line, correlates well with elec-
tron concentration at the F, peak.




PREFACE

Rocket measurements have confirmed the be-
lief, based on ground measurements, that bright
auroral emissions are excited by energetic elec-
trons, while proton-excited auroras are more
diffuse and extensive. Contrary to earlier ideas,
it is now recognized that, rather than being a
source of auroral electrons, the Van Allen belt
receives and traps some auroral electrons that
are energized by some mechanism as vyet
unknown.

Micrometeoroid-impact rates have been de-
termined by many space vehicles. A decréase
in impact rate has been found in interplanetary
space away from the Earth’s vicinity. Although
there are great variations in impact rates, be-
cause of the presence of streams of particles in
interplanetary space, an enhancement of 100 000
near the Earth, due to the Earth’s gravity field,
is indicated. Measurements of zodiacal light
indicate that micrometeoroids are the major
contributor, the contribution from electrons in
interplanetary space being negligible by
comparison.

Recent work indicates that the atmospheric
pressure at the surface of Mars is more likely
about 25 millibars than about 85 millibars, the
formerly accepted value. Carbon dioxide is
known to be a prominent constituent of the at-
mosphere. The amount of water vapor in the
atmosphere is very small, but ice probably forms
the polar cap.

Spacecraft and ground-based measurements
indicate that the surface of Venus may be as hot
as 700° K and that the surface pressure of the
atmosphere may be of the order of 10 atmos-
pheres or greater. The nighttime temperatures
should be approximately equal to the daytime
temperatures.
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PLANETARY ATMOSPHERES

Future steps in extending our understanding of atmos-
pheric processes are to conduct more detailed investiga-
tions of what occurs in the polar regions, and to continue
investigation of the temperate and equatorial regions, with
particular emphasis on simultaneous determination of the
energy inputs responsible for atmospheric phenomena,
principally solar electromagnetic and particulate radia-
tions. The roles of internal gravity waves and large-scale
circulation patterns remain to be defined in detail, al-
though the importance of these phenomena now appears
well established. The flight-experiment program must
continue to be supported by a vigorous laboratory pro-
gram, to investigate the physical processes and to deter-
mine the reaction constants needed to interpret flight re-
sults. Likewise, a strong theoretical program is essential
to stimulate further research and to transform flight and
laboratory results into a quantitative understanding of at-
mospheric processes.

At the present time, we have only a fragmentary descrip-
tion and understanding of the atmospheres of the other
planets. Major attention in succeeding years will be di-
rected to understanding the atmosphcres of Mars and
Venus through direct space-probe research. The surface
pressure of the Martian atmosphere and the magnitude
and character of winds near the surface are critical param-
eters for the design of survivable landing capsules. There
is uncertainty of an order of magnitude or more in present
estimates of the surface pressure, and present estimates of
wind velocities indicate disturbingly high values from a
capsule-landing viewpoint. It is expected that data ob-
tained by ground-based observations of Mars during the
last opposition and currently being reduced will narrow
the uncertainty concerning the surface pressure.

This preface and the summary were prepared by the
Planetary Atmospheres staff, Office of Space Science and
Applications, who also edited the complete report. The
chapters were written by Francis S. Johnson.
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chapter 1

Highlights of Research

EARTH
Atmospheric Structure
Temperature

IT HAS BEEN FOUND that the temperature distribution of

the upper atmosphere becomes isothermal above about
300 kilometers. The temperature in this isothermal re-
gion has been found to be variable, ranging between ex-
treme limits of about 700° and 1800° K, but occasionally
higher. There is a diurnal variation, with the maximum
daytime temperature about 1.33 to 1.50 times the min-
imum nighttime temperature. There are variations from
day to day that correlate well with solar activity and geo-
magnetic variation. There are annual and semiannual
variations, the causes of which are not well understood.
The longest term and largest amplitude variation is asso-
ciated with the sunspot cycle. There is also a latitudinal
variation.

The temperature at the mesopause is variable, generally
having its maximum value at high latitudes in winter and
its minimum in summer. At high latitudes in summer, the
temperature is especially low, near 140° K. These very
low temperatures are associated with the presence of noc-
tilucent clouds.

The electron temperature was found frequently to ex-
ceed the neutral-particle temperature in the ionospheric
F-region and above. The difference is especially pro-
nounced in the early-morning hours.



PLANETARY ATMOSPHERES
Composition

The importance of molecular diffusion in the gravita-
tional field in controlling the distribution with altitude
of atmospheric constituents has become well established
during the past 6 years. The disturbance of the diffusive-
equilibrium distribution by diffusive flow has been eval-
uated for atomic hydrogen, and the problem is now being
solved for atomic and molecular oxygen. In the lower
thermosphere, eddy diffusion is more important than
molecular diffusion.

Atomic hydrogen has been found in the outer atmos-
phere, contributing to a geocorona that surrounds the
Earth. After the discovery of hydrogen, helium was
found. While this does not extend as far into space as
the hydrogen does, there is an extensive region, variable
with temperature (and hence especially with the sunspot
cycle), where helium is the predominant atmospheric
constituent.

Density

The pattern of atmospheric-density variation is similar
to that of the temperature variation, but it is of much
larger relative amplitude. Thus, a diurnal bulge exists
on the daytime side of the Earth, with the maximum in
early afternoon. The density at extreme altitudes is much
greater than was anticipated before the discovery of
helium and hydrogen in the geocorona.

It has been found that the density increases in the upper
atmosphere associated with magnetic activity over the
winter polar region are greater by a factor of 3 or 4 than
thosc at lower latitudes.

Atmospheric Motion

Strong shear zones have been found to exist in the region
from 70 to 120 kilometers. These have been most reason-
ably explained as internal gravity waves that originate in
the lower atmosphere and increase greatly in amplitude
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HIGHLIGHTS OF RESEARCH

as they propagate upward. Other manifestations of in-
ternal gravity waves have been found in temperature oscil-
lations with altitude in the ionospheric E-region, in the
occurrence of sporadic E in strong shear regions, and
in traveling disturbances in the ionosphere.

Some evidence has been found for large-scale circula-
tion of the atmosphere, and such circulation is certainly
to be expected as a result of the latitudinally nonuniform
heating of the upper atmosphere. The details of the cir-
culation are by no means clear, but near 150 kilometers the
winds appear to be equatorward.

Airglow

The existence of a hydrogen geocorona around the
Earth has been demonstrated on the basis of hydrogen
Lyman-alpha observations made from rockets. The hy-
drogen emissions (H-alpha and Lyman-alpha) in the
upper atmosphere result from fluorescence, or from scat-
tering of solar radiation; in addition, an extraterrestrial
component of the Lyman-alpha radiation has been
identified.

The vertical profiles of dayglow emissions from atomic
oxygen at 1304 and 6300 A and atomic nitrogen at 1200
A have been observed in rocket flights.

New concepts have been developed on excitation mech-
anisms for nightglow emissions. The oxygen green line
cannot be directly excited by a three-body, atomic-oxygen
recombination process, but probably results instead from
a two-step process, in which the excitation energy is trans-
ferred from a recently recombined oxygen molecule to an
oxygen atom. The oxygen red line correlates well with
the electron concentration at the F: peak, suggesting an
ion-recombination mechanism for excitation. In some
cases, the red line is apparently excited by an elevated
electron temperature.

Rocket measurements have confirmed inferences from
ground measurements that bright auroral emissions are

3



PLANETARY ATMOSPHERES

excited by energetic electrons, while proton-excited auro-
ras are more diffuse and extensive. The spectra of auroral
electrons are much softer than those of Van Allen elec-
trons. Although it was thought for a while that the source
of auroral electrons was the Van Allen belt, now it is rec-
ognized that the reverse is more nearly true. Some un-
known mechanism energizes the auroral electrons, and a
few of these, especially at higher energies, become trapped
in the geomagnetic field and become a part of the radia-
tion belt. Auroral current systems have been explained
on the basis of the diurnal distortion of the magnetosphere,
and the consequent separation of trapped charged particles
and the outer-ionospheric charged medium that normally
neutralizes the trapped particles.

METEOROIDS

Micrometeoroid-impact rates have been measured in
many space vehicles, and the rate at the top of the at-
mosphere is not alarming, about 6X 10 particles/m*/
sec/sr. The rate of penetration of thin structural mem-
bers has been observed to be less than that predicted from
the impact data, about 310 penetrations/m®/sec for
25-¢ thicknesses. There is a diminution of the impact
rate upon moving away from the Earth’s vicinity, indicat-
ing an enhancement of about 100 000 near the Earth, due
to the Earth’s gravity field. There are great variations
in the impact rates, owing to the presence of streams of
particles in interplanetary space. Many of these have
been charted.

Micrometeoroids in space scatter sunlight, which is
recognized on Earth as zodiacal light. Measurements of
the zodiacal light indicate that it virtually all originates in
this way, the contributions of electrons in interplanetary
space being negligible by comparison.

Noctilucent clouds form near 80 kilometers at high lati-
tudes in summer, and it has long been conjectured that
they might consist either of ice crystals or of meteoric dust.

4
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Measurements in rockets seem to confirm that dust with
diameters of a few tenths of a micron is sometimes present
under these conditions, but that ice probably forms on the
dust particles to produce the clouds.

MARS

Recent examination of old spectral data indicates that
the surface pressure on Mars is less than formerly accepted,
the former figure being based mainly on optical scattering
data. The pressure is probably about 25 millibars rather
than 85 millibars, and CO: is a very prominent, possibly
predominant constituent. The amount of water on the
planet appears to be very small, but ice probably forms the
polar cap.

VENUS

Radio emissions from Venus first indicated that the
surface of the planet might be very hot, perhaps 700° K.
The atmosphere is very hazy, and the levels to which one
can see are high and cold, and very little water vapor can
exist in the region that is easily seen. The total water
vapor remains in question. The planet apparently turns
slowly and possibly synchronously with its rotation about
the Sun, so Coriolis forces play a very small role in atmos-
pheric motion. The high-density atmosphere is able to
transfer heat effectively to the dark side of the planet with
very modest vclocities, of the order of 1 m/sec, keeping the
nighttime temperatures approximately equal to the day-
time. The surface pressure is of the order of 10 atmos-
pheres or greater. Mariner data have been valuable in
establishing the above description.

JUPITER

Spectroscopic measurements have identified molecular
hydrogen as the principal constituent of the Jovian
atmosphere.



chapter 2

Results of Research

THE RESULTS OF 6 YEARS OF RESEARCH effort in plane-
tary atmospheres, starting with the formation of
NASA in 1958, are summarized here. Most of the results
relate more to the Earth than to the other planets, but
significant results relating to Mars, Venus, and Jupiter
have also been obtained and are briefly discussed. In
many cases, important new concepts have been established,
while in others the descriptions of atmospheric properties
have been greatly improved, without alteration of the
fundamental concepts of atmospheric behavior.

EARTH

Accomplishments relating to the Earth’s atmosphere are
described below under three separate headings: atmos-
pheric structure, atmospheric motion, and airglow.

Atmospheric Structure

The structure of the atmosphere is most appropriately
described in terms of the distributions of temperature and
composition. These control the distribution of density,
which is the parameter in terms of which the atmosphere
is most directly described by observational data.

Temperature

During the past 6 years, a fairly complete picture of
the temperature structure of the upper atmosphere has
emerged. Although several important points remain in
doubt, especially in connection with latitudinal distribu-
tions and their variations, these should also be resolved
within the next few years.

208-028 0—66——2



PLANETARY ATMOSPHERES

Spitzer (ref. 1) originally recognized that the outer por-
tion of the atmosphere (above approximately 300 kilo-
meters) should be isothermal, but the concept was not
widely accepted until Nicolet (ref. 2) restated the theo-
retical basis and Kallmann Bijl (ref. 3) stated that experi-
mental data were in agreement with the theory. The
reason for the isothermal upper atmosphere is that the
energy absorbed at very high altitudes, where the atmos-
phere is extremely rarefied, is small compared to the
amounts of heat that can be conducted by the upper at-
mosphere when even small temperature gradients are pres-
ent (the thermal conductivity is not changed by increasing
rarefaction of gases, but the capacity for energy absorp-
tion is reduced). Typical temperature distributions
through the atmosphere are shown in figure 1 for nighttime
conditions near the minimum of the sunspot cycle, for
daytime conditions near the maximum of the sunspot
cycle, and for an intermediate situation (ref. 4). It is
now frequent practice to characterize the atmosphere in

00 T T T T T T T T T T

» Average Daytime,
of sunspot cycle atmosphere of sunspot cycle

400

Altitude, km
£
N—

200

1 El 4 Fl 1 1 1 1 i 1 1 1 1 1

[ 500 1000 1500 1900
Temperature, °K

Figure 1.—Typical temperature distributions for nighttime condi-
tions near sunspot minimum, for daytime conditions near sun-
spot maximum, and for an intermediate situation.




RESULTS OF RESEARCH

terms of the temperature in the isothermal region. Since
the isothermal region extends into the exosphere, the tem-
perature may also be referred to as the exospheric tempera-
ture.

The exospheric temperature has been found to be more
variable than was anticipated in 1958, and a number
of systematic time variations have been found. One of
these is the diurnal variation, which shows a maximum in
early afternoon, at about 1400 hours, and a minimum just
before sunrise, at about 0500 hours. The daytime max-
imum is larger than the nighttime minimum by a factor
that lies between 1.33 (ref. 5) and 1.50 (ref. 6). The
diurnal variation results from the interruption during the
night of the heat input into the upper atmosphere by ab-
sorption of solar ultraviolet radiation. The course of the
diurnal temperature curve is shown in figure 2 (ref. 7)
for several levels of solar activity.

2500 \ M

2000

Figure 2.—Diurnal tem-
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PLANETARY ATMOSPHERES

Another variation in exospheric temperature is associ-
ated with solar activity, for which the 10.7-centimeter
solar radio-noise flux received at the Earth’s surface is
probably the most-used index. Figure 3 shows the vari-
ation of the 27-day average of the 10.7-centimeter solar
radio-noise flux over the course of a sunspot cycle. The
solar radio-noise flux and the exospheric temperature
have a lower correlation on a day-to-day basis, but longer
term trends are identifiable. There are 27-day recurrent
tendencies associated with the rotation of the Sun, and

300 S
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Figure 3.—Variation of the 27-day average value of the 10.7-centi-
meter solar radio-noise flux through a sunspot cycle. Also in-
dicated are the annual maximum and minimum values.

there is an 11-year variation that is in phase with the sun-
spot cycle. Figure 4 shows the long-term variation in exo-
spheric temperature with solar radio-noise flux, using 27-
day averages to smooth the day-to-day variations (refs. 8
and 5). The day-to-day variations in exospheric temper-
ature are less strongly dependent upon the day-to-day
values of the 10.7-centimeter solar radio-noise flux than are

10




RESULTS OF RESEARCH

the long-term temperature variations dependent on the
27-day averages of the solar radio-noise flux (ref. 8). Ex-
cept near the minimum of the sunspot cycle, the slope of
the nighttime curve shown in figure 4 is about 4.5° C per
unit of solar radio-noise flux (107** W/m®/cps), whereas
the day-to-day variations are about 2.5° C per unit devi-
ation of solar radio-noise flux from the 27-day average
value. To obtain the temperature for any given day, the
27-day average for the solar radio-noise flux should be ob-
tained for the interval centered on the day in question, and
figure 2 should be used to convert this value into an average
nighttime value for the temperature. The difference be-
tween the daily and 27-day average values of the flux then
should be multiplied by 2.5 and applied as a correction to
the average temperature to get the minimum nighttime
temperature appropriate to the day in question.

The maximum range of exospheric temperature is very
substantial, as can be seen from either figure 2 or figure 4.
Nighttime temperatures near sunspot minimum are about
700° K, whereas average daytime temperatures near sun-
spot maximum are about 1800° K. Further, during
periods of particularly strong solar activity near sunspot
maximum, temperatures may occasionally rise well above
2000° K, but this appears to happen only for brief inter-
vals of about a day in length.

There is generally good agreement among the exo-
spheric temperatures determined by different workers.
Harris and Priester (ref. 6) have shown that their de-

2000

Figure 4.—Average exo-
spheric temperature as &
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centimeter solar radio- / -~ f:/
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terminations, based upon orbital-decay data obtained by
King-Hele (ref. 9), agree within a few percent with the
determinations of Jacchia (ref. 8) for nighttime, but that
their daytime-maximum values are consistently higher
than Jacchia’s, sometimes by as much as 15 percent.  Paet-
zold’s (ref. 7) values generally lie close to Harris and
Priester’s (ref. 6) for the daytime, but are slightly below
for the nighttime. This generally good agreement among
independent investigators for the value of the exospheric
temperature suggests that the determinations are accurate
to within 10 or 15 percent. The values have been further
confirmed by sodium-vapor-trail measurements (ref. 10).

Although the 10.7-centimeter solar radio-noise flux is
the most-used index of solar activity, Nicolet (ref. 11) has
found that the 8-centimeter flux has more desirable prop-
erties, in that the exospheric temperature is a linear func-
tion of the 8-centimeter flux, whereas significant depar-
tures from linearity occur for the 10.7-centimeter flux
below 150 units, as can be seen in figure 4.

The temperature maximum at 1400 hours, shown in
figure 2, is frequently referred to as the diurnal bulge, be-
cause the atmosphere is morc extended in the vertical
direction where the temperature is high. Jacchia (refs.
12 and 8) describes it as a symmetrical (circular) bulge,
centered approximately 30° of longitude to the east of the
subsolar point; i.e., its center occurs at the latitude of the
subsolar point but lags about 2 hours behind it. It is not
clear whether the description “symmetrical” is appropriate
to latitudes higher than about 60°; the polar regions re-
main the least-well-observed portion of the upper, atmos-
phere.

The exospheric temperature shows a variation that is
correlated with magnetic activity. At temperate and low
latitudes, the temperature in degrees centigrade is in-
creased beyond the value indicated above by an amount
that is numerically approximately equal to the planetary

12




RESULTS OF RESEARCH

magnetic index, a, (ref. 5). On the one occasion where
the perigee of a suitable satellite orbit was located over a
polar region, which was the winter pole, the temperature
change was four times greater than at low latitudes (ref.
5). This indicates that upper atmospheric heating asso-
ciated with magnetic activity is more pronounced in the
polar regions than at lower altitudes, at least in the
winter polar region. This heating might be due to ener-
getic particles impinging upon the upper atmosphere at
high latitudes, or to absorption of hydromagnetic waves,
the magnetic variations at high latitudes being especially
large.

Annual and semiannual variations in exospheric tem-
perature have been identified (ref. 7), although there is
no generally accepted explanation for these variations.
The annual variation shows a maximum in January and a
minimum in July, with an amplitude of about 100° C.
The phase of this variation suggests that it is caused by
the Earth’s varying distance from the Sun, but the ampli-
tude is too great for this explanation to be adequate. The
semiannual variation shows maxima in early April and
October, and minima in January and July. The amplitude
is about 200° C near the maximum of the sunspot cycle
and 100° C near the minimum. Johnson (ref. 13) has
suggested that the semiannual variation results from dy-
namical effects of the general circulation of the atmos-
phere; if the circulation at the equinoxes is less favorable
for the transfer of heat from the upper thermosphere to
the mesosphere than is the circulation at the solstices, then
the exospheric temperature should have a maximum value
at the equinoxes. It is possible that the annual variation
is also dynamical in origin.

The solar energy that is absorbed in the upper atmos-
phere does not all appear as thermal energy, as some of the
energy is used in dissociating molecules and in forming
ions. When ions are formed, photoelectrons are ejected

13



PLANETARY ATMOSPHERES

with varying amounts of energy, and they can share this
energy more readily with the ionospheric electrons than
with ions, atoms, or molecules. This results from the fact
that the large mass ratio between electrons and heavy
particles is unfavorable for energy exchange. Conse-
quently, the electrons are frequently characterized by a
higher temperature than the neutral particles (refs. 14—
16). The effect is most pronounced at the higher alti-
tudes (above 150 kilometers), where collisions between
electrons and neutral particles are so infrequent that they
are not very effective in transferring excess energy. It is
also pronounced when the electron concentration is par-
ticularly low while in the presence of solar ionizing radia-
tion, as it is just after sunrise. It is not uncommon to find
the electron temperature many hundreds of degrees above
the neutral-particle temperature above 200 kilometers,
even a factor of 2 higher (refs. 17-19). The biggest dif-
ference is observed just after sunrise (ref. 20). The dif-
ference is small or absent at night.

Interesting temperature variations have also been ob-
served in the mesosphere and lower thermosphere. Dur-
ing the winter at high latitude, the temperatures are fairly
high and rather irregular in vertical distribution, the tem-
perature being near 250° K (refs. 21 and 22). During
the summer, the temperature minimum at the mesopause
becomes very pronounced at high latitudes, the tempera-
ture falling to about 140° K (W. Nordberg, private com-
munication). Since such low temperatures seem to be
associated with the presence of noctilucent clouds at high
latitudes in summer, it appears probable that ice plays an
essential role in their formation (ref. 23).

Composition

During the past 6 years, it has become well accepted
that above some altitude near 105 kilometers, atmospheric
constituents are distributed in the gravitational field ac-
cording to a diffusive-equilibrium law. However, several

14




RESULTS OF RESEARCH

reservations must be made concerning certain constituents,
and even for those constituents for which no reservation
need be made concerning the diffusion equilibrium, there
is doubt as to the relative concentrations at some reference
altitude (any reference altitude, as indicated below).

When diffusive equilibrium prevails, each constituent is
distributed as if the other were not present. For any given
temperature distribution, the relative vertical distribu-
tion of each atmospheric constituent can be calculated, but
the concentration of each constituent must be known at
some altitude in the diffusion-equilibrium region in order
that the distribution can be placed on an absolute scale.
This latter requirement is a difficult cne to meet. In the
case of atomic oxygen, which arises in the upper atmos-
phere through the photodissociation of molecular oxygen,
the degree of oxygen dissociation is not sufficiently well
known. The relative proportions of oxygen and nitrogen,
though well known in the lower atmosphere, are brought
into doubt in the upper atmosphere by the oxygen-dis-
sociation process. Consequently, the common practice has
been to make an educated guess at the relative atmospheric
composition at some altitude in the range 105 to 160
kilometers, and to calculate the composition through the
remainder of the atmosphere on the basis of diffusive equi-
librium (refs. 24-27).

During the past 6 years, two light gases have been
recognized as being of dominant importance at extrcme
altitudes. The first of these, atomic hydrogen, was rec-
ognized as an important constituent, and its concentration
established (ref. 28), on the basis of nighttime Lyman-
alpha observations made in rockets above 100 kilometers
(ref. 29). The atomic hydrogen arises in the chemo-
sphere through photodissociation of water vapor and
methane (ref. 30). Hydrogen has a low mass, so its con-
centration decreases slowly with height in the diffusive-
equilibrium region, and it makes an extensive geocorona,
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or telluric hydrogen corona, around the Earth. Further,
the highest velocity particles of such a light gas exceed
the escape velocity, so there is a continuous flux of particles
escaping to space of between 10" and 10° atoms/cm’/sec.
The escape of the most energetic particles appreciably
modifies the distribution of the gas in the exosphere from
that which would exist in the absence of escape (refs. 31
and 32). The presence of neutral hydrogen in inter-
planetary space can be inferred from measurements made
by Morton and Purcell (ref. 33). Using an atomic-hy-
drogen filter, they were able to exclude from a Lyman-
alpha detector, on the basis of line width, those radiations
originating in a telluric corona, leaving only the Doppler-
shifted radiation from interplanetary hydrogen. The in-
terplanetary contribution to the nighttime Lyman-alpha
flux at the top of the ionospheric E-region, which amounts
to about 15 percent, can be accounted for on the basis of
resonance scattering of solar Lyman-alpha radiation by
about 0.03 atom/cm® in interplanetary space (ref. 34).
The second light constituent of the atmosphere now
recognized as dominant in some regions of the upper at-
mosphere is helium. Its importance was overlooked until
brought forcibly into view by Echo I drag data, which
showed that time variations in atmospheric density in-
creased in a relative sense with altitude, as expected, but
only up to a point. Figure 5 (ref. 35) shows that the
ratio of satellite acceleration to its average acceleration
increased with altitude during the magnetic disturbances
on November 12 and 15, 1960, up to 650 kilometers, but
that the ratio for the Echo I satellite at 1100 kilometers
was smaller than would be expected from this trend.
Since the satellite acceleration depends upon atmospheric
drag, these curves show that the relative magnitude of at-
mospheric-density variations increased with altitude up to
650 kilometers, but that the relative magnitude decreased
at higher altitudes. Nicolet (ref. 36) recognized that
the data in figure 5 showed that a constituent of the at-
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Figure 5.—Rates of orbital decay of seven artificial satellites dur-
ing the November 1960 events, compared with the geomagnetic
a4, index and the solar radio-noise flux (ref. 35).
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mosphere lighter than atomic oxygen was predominant at
1100 kilometers, and he identified this constituent as he-
lium. He also recognized that the neutral helium should
be accompanied by ionized helium that would be impor-
tant in considerations of ionospheric structure—something
that Hanson (ref. 37) independently recognized in the
experimental ionospheric observations made by Hale (ref.
38). Since the amount of helium in the lower atmosphere
is well known, the concentration in the upper atmosphere
can easily be calculated if it is known up to what altitude
mixing prevails, and above which diffusion equilibrium
prevails. On this basis, the data in figure 5 provide strong
evidence that the altitude above which diffusion equi-
librium prevails is in the neighborhood of 105 to 110
kilometers.

Hydrogen, because it is lighter than helium, pre-
dominates over helium above some altitude, so helium is the
predominant atmospheric constituent only between cer-
tain altitude limits. However, these limits vary markedly
with the atmospheric temperature, and hence with the
sunspot cycle. Near sunspot maximum, helium predom-
inates between roughly 1400 and 5000 kilometers. Near
sunspot minimum, the region is much narrower, perhaps
500 to 600 kilometers; in fact, it may even disappear en-
tirely. The hydrogen concentrations are thought to vary
markedly in the opposite scnse to the concentrations of
other atmospheric constituents, increasing near sunspot
minimum (refs. 39 and 40). This is believed to result
from the source of atomic hydrogen being nearly constant
through a sunspot cycle, while the rate of escape varies
markedly, being much more rapid at the high tempera-
tures that prevail near sunspot maximum. The source
is nearly constant, because the solar radiation responsible
for the photodissociation of water vapor and methane
(A=1800 A) is not significantly variable during the course
of a sunspot cycle. The hydrogen concentrations there-
fore are controlled by the rate of escape, which is con-
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trolled by the daytime temperature. The flow of
hydrogen around the Earth is sufficiently rapid so that
the nighttime concentrations are also largely controlled
by the daytime temperature (ref. 41). Donahue and
McAfee (ref. 42) have drawn attention to the ex-
treme complexity of a rigorous treatment of the problem
of hydrogen flow around the Earth, and they have pre-
sented calculations that indicate that the diurnal varia-
tion in hydrogen concentration is substantial; as much as
threefold for some temperature conditions.

Thermal diffusion acts to increase the concentration of
the light atmospheric constituents, hydrogen and helium,
in the warm region of the atmosphere relative to the cold.
Thus the effect of thermal diffusion is to increase the con-
centrations of hydrogen and helium in the exosphere above
those that would occur in the case of diffusion equilibrium
with no thermal diffusion (ref. 40).

A reservation that must be made with regard to dif-
fusion-equilibrium distributions is that they apply only if
there is no flow of one constituent relative to another. As
long as the flow is sufficiently small, the diffusion-equi-
librium distributions will not be significantly disturbed.
However, Bates and Patterson (ref. 43) and Kocharts and
Nicolet (ref. 40) have shown that the flow of atomic hy-
drogen upward in the atmosphere is so rapid that its dis-
tribution departs markedly from the diffusion-equilibrium
distribution. Below 200 kilometers, the atomic-hydrogen
distribution for temperatures above 1250° K closely paral-
lels that of the total atmospheric concentration, not be-
cause of mixing but because of the character of vertical
diffusive flow through an atmosphere whose total particle
concentration varies with altitude. The possibility that
the helium distribution is disturbed by diffusive flow has
been examined by Bates and McDowell (ref. 44). They
find that the probable flow would disturb the equilibrium
distribution only to a trivial degree.
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The oxygen distribution is also disturbed by diffusive
flow. Molecular oxygen is dissociated mainly at altitudes
above 100 kilometers, but the recombination occurs mainly
at altitudes below 85 kilometers, where the density is suf-
ficiently high for the three-body recombination process,
O-+0O+4+M—-0:+M, to proceed at the required rate.
Significant numbers of dissociation events occur even at
altitudes above 120 kilometers. To maintain the steady-
state oxygen abundances, there must be a steady upward
flow of molecular oxygen and downward flow of atomic
oxygen. The necessary flow significantly disturbs the dif-
fusion-equilibrium distribution below 130 kilometers
(W. B. Hanson and F. D. Colegrove, private communica-
tion). At altitudes below 110 kilometers, eddy diffusion
must be taken into account in addition to molecular diffu-
ston, as eddy diffusion is required to maintain the molecu-
lar- and atomic-oxygen distributions (especially the
atomic) in the observed forms.  Johnson and Wilkins (ref.
45) have shown that the thermal-energy input into
the lower thermosphere limits the eddy diffusivity to lower,
values than those obtained from vapor- or meteor-trail
analysis, the acceptable value being in the vicinity of 10°
atoms/cm’/sec. This value of the diffusivity appears to
be at least approximately in agreement with the require-
ments for oxygen transport in the atmosphere.

The helium concentration in the atmosphere is less than
would be expected on the basis of the release rates from
the Earth’s crust if no escape took place. However, the
exospheric temperature near sunspot maximum is high
enough to make the escape important and probably in
balance, on the average, with the input, which is believed
to be in the neighborhood of 10° atoms/cm®/sec (refs. 44
and 40). However, if the escape of He' is this rapid, then
there is a problem with regard to the atmospheric con-
centration of He®, whose input rate into the atmosphere,
calculated on the basis of nuclear reactions between cosmic
radiation and atmospheric particles, is about 2 atoms/cm®/
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sec. Taking also into account the input rate of He® from
solar-flare cosmic-radiation events, the average input rate
is probably 10 atoms/cm®/sec. Owing to its lesser mass,
He?’ should escape from th< atmosphere much more readily
than does He*, and, accepting the rate of He" escape, the
computed escape rate for He® greatly exceeds the input
rate. If, instead, the average escape rate for He® is low
enough to agree with the input rate into the atmosphere,
then He* would not escape as rapidly as it is released, and
it should be accumulating in the atmosphere, unless some
other mechanism comes into play to remove it. The com-
puted rates of escape, averaged over the past solar cycle,
are 4 He® atoms/cm®/sec and 63X 10* He* atoms/cm’/sec
(ref. 46). Thus, the great disparity between He’ and He*
escape rates, although qualitatively in agreement only with
the thermal-escape hypothesis, is not in quantitative agree-
ment with the hypothesis. The resolution of this problem
is not clear.

A minor atmospheric constituent of some importance is
nitric oxide. It is generally accepted that the upper and
largest portion of the D-region is caused by the ionization
of nitric oxide by solar Lyman-alpha radiation. The con-
centration of nitric oxide required to produce the D-region
is very small, being of the order of 10* atoms/cm’® at 85
kilometers (ref. 2). However, a recent measurement of
resonance fluorescence of nitric oxide in the gamma bands
at 2155 A shows that the column density of nitric oxide
above 85 kilometers is 1.7 X 10" molecules/cm® (ref. 47),
corresponding to a concentration at 85 kilometers of about
10° molecules/cm®. This gives rise to a new problem—
why the D-region behaves as it does, if the nitric-oxide
concentrations are as large as indicated by the fluorescence
measurements. The source of nitric oxide must lie in the
chemical reactions of the chemosphere (ref. 2). Even
with the surprisingly large concentrations indicated by the
fluorescence measurements, nitric oxide is still a very minor
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constituent of the atmosphere.  Since the total concentra-
tion of atmospheric particles above 85 kilometers is about
10* particles/cm®, nitric oxide amounts to about 2 parts
per million.

To determine the concentrations of the major atmos-
pheric constituents at high altitudes, and to test the dif-
fusion theory for their distributions, measurements of the
neutral constituents are needed above 100 kilometers.
Mass-spectrometer measurements in rockets have been
made by Schaeffer (ref. 48) and Nier et al. (ref. 49), and
are in reasonable agreement with the results of the diffusion
theory. However, more critical tests are required, and
satellite data are needed to give the global pattern of upper
atmospheric composition.

Figures 6 through 8 show atmospheric-concentration
data as a function of altitude for three widely differing
conditions of solar activity (ref. 45). Figure 6 applies to
nighttime conditions near sunspot minimum, with an
exospheric temperature near 700° K, and with atomic-
hydrogen concentrations corresponding to a temperature
of 930° K, which is the expected daytime temperature.
Figure 7 applies to daytime conditions near sunspot maxi-
mum, with an exospheric temperature of 1800° K.
Figure 8 applies to daytime conditions for an intermediate
situation, with an exospheric temperature of 1300° K.
The concentrations shown here, combined with the
1300°-K temperature profile shown in figure 1, produce an
atmosphere whose density is close to that adopted for the
U.S. Standard Atmosphere, 1962, but the composition
structure is physically more realistic than the Standard

Atmosphere.
Density

The vertical profile of atmospheric density is controlled
by the temperature and composition profiles. However,
the most detailed observations of the upper atmosphere
are of density rather than temperature or composition;
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Figure 6—Concentration of atmospheric constituents during the
nighttime near sunspot minimum, with exospheric temperature
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the density data are obtained mainly from the rates of
decay of satellite orbits. It is not possible to use the den-
sity data to derive uniquely the temperature and compo-
sition profiles. It is necessary to make explicit assumptions
regarding the composition and, to a lesser extent, the gen-
eral shape of the temperature profile. The temperature
profile above 100 kilometers is believed to be controlled
mainly by heat conduction downward (refs. 24 and 50),
and this concept makes possible the introduction of profiles
thought to be realistic. By these means, density data can
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Figure 7.—Concentration of atmospheric constituents during the
daytime near sunspot maximum, with exospheric temperature
1800° K.

be converted to temperature, and the agreement among
different research groups working independently is gen-
erally better than 10 percent (ref. 6).

The general pattern of density variations in the upper
atmosphere is similar to that of temperature, but the
amplitudes are much greater. For example, when the
exospheric temperature changes from 700° to 1800° K,
the density at 500 kilometers increases by a factor of over
100. The variation of density with altitude is shown in
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Figure 8.—Concentration of atmospheric constituents with an exo-
spheric temperature of 1300° K.

figure 9 for three exospheric temperatures. Atmospheric
densities above 300 kilometers only occasionally fall out-
side the limits indicated by the extreme curves in figure 9,
while the intermediate curve is the density distribution
adopted for the U.S. Standard Atmosphere, 1962.

When satellites were first launched, the rates of orbital
decay were much more rapid than had been anticipated,
indicating atmospheric density at satellite altitudes
greater than that predicted on the basis of earlier data.
The nature of the error in prediction is somewhat different
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Figure 9.—Variation of atmospheric density with altitude for three
exospheric temperatures.

from what was originally assumed. Atmospheric-density
predictions prior to satellite flight were based mainly on
data characteristic of sunspot-minimum conditions, and
models were sometimes specifically restricted as applying
to such conditions (ref. 24). The fact that the early
satellites, flown near sunspot maximum, encountered
densities larger than predicted reflects the fact that
the very large variation with sunspot cycle was not fully
anticipated. Recent data arc characteristic of sunspot
minimum, and are in close agreement with the presatellite
predictions.
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Atmospheric Motion

In the lower thermosphere, strong wind shears have
been observed, originally in long-persisting meteor trails
(ref. 51) and, more recently, mainly in trails formed by
vapor releases from rockets (refs. 52 and 53). The shear
zones are frequently associated with reversals in the wind
that tend to occur with spacings of a few kilometers. For
a long time, these reversals were rather mysterious occur-
rences, since it did not seem conceivable that the thermal
structure of the atmosphere could produce such patterns
in the gradient or geostrophic wind. Two examples of
the wind reversals are shown in figure 10 (ref. 54).

East - west component North - south component
—— Reggan - Reggan
=== Hommaguir === Hammaguir

jls

4130

Altitude, km
Altitude, km

Vg, m/sec v,, m/eec

Figure 10.—Simultaneous measurement of windspeed at two sites
{Reggan, 26° N, 5° E; and Hammaguir, 30° N, 3° W) 900 kil-
ometers apart (ref. 54).

These are simultaneous measurements made at two sta-
tions separated by 900 kilometers.

The most important development during the past 6
years concerning motion of the upper atmosphere has
been the recognition that the wind reversals in the lower
thermosphere are due to internal gravity waves (ref. 55).
No other mechanism has been suggested as a possible
cause for the strong shear zones that are observed in the
lower thermosphere.

27



PLANETARY ATMOSPHERES

An internal gravity wave is a wave in which the group
velocity propagates almost vertically upward while the
phase velocity is downward, and the individual particle
motions are ncarly horizontal. The small vertical com-
ponent of the particle motion is sufficient for gravity to
provide the restoring force for the wave motion. The
waves are thought to originate in the troposphere, either
near the Earth’s surface or near the jetstream. Owing
to the decrease in atmospheric density with altitude, the
wave amplitude must increase with altitude if the energy
flux is to remain constant with altitude. Thus, the large-
amplitude waves observed in the lower thermosphere are
entirely consistent with the lack of observable or identifi-
able waves in the troposphere; they are simply too small
to identify in the troposphere. The horizontal extent of
the wave motion is of the order of 1000 kilometers, as can
be seen from figure 10 (ref. 54), and the periods are of
the order of 100 minutes.

As internal gravity waves move upward in the thermo-
sphere into regions where the mean free path of the
atmospheric particles become significant in comparison
with the wavelength, viscous damping becomes important
(ref. 56), and the wave energy becomes dissipated as
heat. The resulting energy input may contribute in an
important degrec to the energy budget of the middle and
upper thermosphere (roughly, the region above 140 kil-
ometers). However, this point has not been established
beyond reasonable doubt.

Another probable important consequence of internal
gravity waves is the production of eddy mixing in the
lower thermosphere. The lower thermosphere, and even
the mesosphere, is thermodynamically stable, and a me-
chanical driving force is required to produce any eddy
mixing that occurs, since work must be done against
buoyancy forces in order to accomplish the eddy mixing.
A constant shear with altitude, which could be produced
by an appropriate (though unrealistic) thermal structure,
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could provide the driving force, but such a circulation pat-
tern is not in agreement with the wind observations that
have been made. A more plausible possibility is that
mixing at a given altitude proceeds sporadically as the
strong shear zones associated with internal gravity waves
pass through that altitude region.

Internal gravity waves also provide an explanation for
the occurrence of sporatic E-layers in the ionosphere.
When the shear zone associated with an internal gravity
wave is appropriately oriented relative to the magnetic
field, a layer of enhanced ionization can be produced
(ref. 57) similar to the sporadic-E electron-concentration
profile observed in rockets (ref. 58). Other ionospheric
perturbations have been observed that appear to be caused
by internal gravity waves. It appears that evidence from
ionosonde data may provide some of the best information
on internal gravity waves. Knudsen and Sharp (ref. 59)
have observed repeated reversals in the profile of ion
temperature in the E-region; these also have the appear-
ance of being caused by internal gravity waves.

Atmospheric tides have long been known to be of rela-
tively large amplitudes at ionospheric altitudes, because
of the magnitude of the magnetic variations they cause.
The lunar tidal oscillations of atmospheric pressure ob-
served at the ground are thought to be entirely due to
gravitational forces, whereas the solar tidal oscillations
are believed to be mainly due to solar heating. Previous
theories of resonant, gravitational excitation of the solar
tidal oscillations are not consistent with the patterns of
atmospheric structure obtained from rocket measurements
(ref. 60.) This, again, suggests that thermal excitation
must predominate.

Large-scale circulation of the upper atmosphere is to
be expected as a consequence of the nonuniform heat input
into the thermosphere (ref. 61). However, the heat
inputs from different sources remain so uncertain that one
cannot state with confidence just what the average large-
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scale circulation should be, or how much the pattern might
deviate from the average on a day-to-day basis. Vapor-
trail observations have provided much useful information,
and they indicate an equatorward component for the
motion above 150 kilometers (M. Dubin, private com-
munication). If this is an accurate generalization, it may
be inferred that polar heat sources in the middle thermo-
sphere (either cnergetic particles or hydromagnetic waves)
exceed in average intensity the solar ultraviolet and all
other heat inputs into the middle thermosphere at low and
middle latitudes. However, doubt remains on this point.

It was mentioned above that the composition of the
thermosphere is affected by the eddy transport of molecu-
lar and atomic constituents of the atmosphere. Large-
scale circulation also affects composition, but in a different
way than eddy mixing does, since the effect of upward or
downward motion in the lower thermosphere is concen-
trated in particular geographic regions. In eddy trans-
port, upward and downward motions occur in a random
pattern over the entire geographic region involved. On
this account, global measurements of atmospheric com-
position should contain the information required to
identify regions in which there is a vertical component
of motion in the lower thermosphere. The information
applies to the lower thermosphere, because the lower
thermosphere contains the mechanisms that control
atmospheric composition at higher altitudes, and the
atmosphere is always well mixed up to the mesopause.

Airglow

One interesting airglow emission is Lyman-alpha radia-
tion from atomic hydrogen. A nighttime flux of Lyman-
alpha radiation incident upon the upper atmosphere was
first observed by Kupperian et al. (ref. 29). This was
interpreted by Johnson and Fish (ref. 28), on the basis of
the lack of any Doppler shift, as radiation originating in
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a telluric hydrogen corona through resonance scattering
of sunlight. This interpretation was largely confirmed
when the telluric absorption line was observed in the solar
Lyman-alpha radiation incident upon the lower thermo-
sphere (ref. 62). However, Donahue and Thomas (ref.
63) showed that some quantitative difficulties remained
in the complex radiative-transfer problem. These related
to the amount of hydrogen in the geocorona, in inter-
planetary space, or in a cloud moving with the Earth but
too far removed from it to be gravitationally bound.
Morton and Purcell (ref. 33) introduced a powerful new
experimental technique when they placed an atomic-
hydrogen filter cell in front of their detector to eliminate
the radiation scattered by the telluric hydrogen corona.
In this way, they showed that about 15 percent of the
incident radiation was of extraterrestrial origin. Patter-
son, Johnson, and Hanson (ref. 34) identified this extra-
terrestrial source as resonance scattering of sunlight by
interplanetary hydrogen, and calculated the concentration
of hydrogen in space. They found that the required con-
centration beyond the orbit of Jupiter was 0.03 atom/cm’.
Further observations of the type originated by Morton and
Purcell can be expected to be a powerful tool for studying
interplanetary hydrogen, since the Doppler shift can be
used to determine the velocity of the source atoms.
Dayglow has proved difficult to measure from rockets
or space vehicles, because of the stray-light problem, but
this has been overcome during the past several years.
Fastie et al. (ref. 64) used a rocket-borne spectropho-
tometer to obtain the intensity-versus-altitude profile for
resonance scattering by atomic hydrogen at 1216 A, atomic
oxygen at 1304 and 1356 A, and atomic nitrogen at 1200 A.
Zipf and Fastie (ref. 65) have observed the emission-
versus-altitude profile for N:* at 3914 A.  The resonance
scattering of nitric oxide in the gamma bands at 2155 A
has been observed by Barth (ref. 47). The intensity-
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versus-altitude profile for hydrogen Lyman-alpha radia-
tion showed a steady but slow decrease, as would be
expected on the basis of scattering in a geocorona. The
intensity-versus-altitude profile for the oxygen-resonance
lines at 1304 A showed no corresponding decrease with
altitude, but, instead, showed a broad maximum near 180
kilometers. The observed decrease in intensity above
180 kilometers is surprising, in view of the large optical
depth for oxygen-resonance radiation, which should result
in trapping of the oxygen radiation by multiple scattering.
Fastie and Crosswhite (ref. 66) have repeated the experi-
ment, and confirmed the decrease in intensity with altitude
above 180 kilometers.

Nightglow is easier than dayglow to measure from
rockets, because of the lesser stray-light problem. Several
useful observations have been made during the past 6
years, the most interesting probably being that of Lyman-
alpha emission (refs. 64 and 33).

For a long time, it was assumed that the oxygen green-
line (5577 A) emission was excited by the Chapman (ref.
67) mechanism

0+0+0-0,40($)
O('$)>O(*D)+hv(5577 A)
However, Barth and Hildebrandt (ref. 68) and Young
and Clark (ref. 69) have measured the rate coefficient for
this reaction and found it entirely inadequate to produce
the observed green-line intensity. A two-step process has
been proposed instead (ref. 70)
O+0+M- O*+M
O:*40(*D)> O ('S)
O(*S)»>O('D) +h»(5577 A)
The equatorial red arc is due to the oxygen red line

(6300 A), and it has been shown to correlate well with the
electron concentration at the F: peak of the ionosphere
(ref. 71). This suggests that an ion-recombination mech-
anism is responsible, at least part of the time. In other
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cases, it is felt that elevated electron temperature may be
responsible, particularly in the midlatitude or subauroral
red arcs.

Fastie et al. (ref. 72) have obtained an ultraviolet
spectrum of an auroral cloud. Neither hydrogen Lyman-
alpha radiation nor nitric oxide bands were observed, but
strong emissions were observed from the second positive
spectrum of N:, the Vegard-Kaplan bands of N:, and the
ground-state lines of atomic oxygen.

The ratio of hydrogen-alpha emissions to molecular-
nitrogen-ion emissions in auroras shows that protons cannot
provide the principal energy input for bright and distinct
auroral features (ref. 73). This observation has been con-
firmed by rocket measurements (refs. 74 and 75) which
revealed that electrons constitute the principal energy
source in bright auroral features. Satellite observations
have shown that the auroral electrons have a softer spec-
trum than Van Allen electrons (refs. 75 and 76). The
energy dissipated in auroras in an hour is large compared
to the energy of the Van Allen radiation belt, so it now
appears more likely that the Van Allen radiation (at least
at high latitudes) is a byproduct of the auroral phe-
nomenon rather than vice versa (ref. 76). The N
emission at 3914 A has been identified as a valuable index
of energy input into auroras by ionizing radiation, because
excitation ariscs only at the time of ionization of the nitro-
gen molecule, and about 2 percent of the ionizing events
lead to the emission of 3914-A photons (ref. 77).

Auroral electrojets are strong ionospheric-current sys-
tems that occur in the auroral zone. Although their cause
is not entirely clear, it now appears probable that they are
a byproduct of the radiation belt (ref. 78). The geomag-
netic field is deformed by the solar wind, and as the Earth
rotates, the deformation continues to be directed away
from the Sun. The trapped radiation as it progresses
around the Earth moves closer to the Earth on the side away
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from the Sun, as a consequence of the conservation of the
integral invariant. The trapped radiation, which is mainly
protons, is neutralized electrically by a thermal plasma
with an excess of electrons. As the Earth rotates, the
thermal plasma moves in and out in the same sense as the
magnetic field; as this motion is out of phase with the
movement in and out of the trapped radiation, a charge
separation is produced. The resulting potential field
drives Hall currents in the ionosphere, and these are the

auroral electrojets.
METEOROIDS

The flux of micrometeoroids in space is highly variable
and difficult to determine. The quantitative effect of
meteoroid impact, either on the atmosphere or on a de-
tector, is not well known, because particles cannot be
satisfactorily accelerated in the laboratory to meteoric
velocities for calibration purposes. Much data had been
collected, but the interpretation has been sharply revised
from time to time. A zero-magnitude meteor moving
with a velocity of 30 km/sec has been attributed to parti-
cles varying in mass from 0.01 gram (ref. 79) to 25 grams
(ref. 80), with the presently accepted figure lying near
1 gram (ref. 81). The density of meteoroids remains in
doubt. Photographic studies of meteor trails provide evi-
dence for a loosely bound meteoroid structure with density
near 0.01 g/cm’. The micrometeoroids may not consist
of such loose, fluffy structures, in which case a density
greater than unity would probably occur.

Direct measurements of micrometeoroid impact on
space vchicles have been made with microphones (refs.
82 and 83), wire grids (ref. 84), light-flash impact de-
tectors (ref. 85), pressurized chambers (refs. 86 and 87),
and specially prepared collecting surfaces (ref. 88).
Figure 11 (ref. 89) summarizes many of the results. It
shows the substantial differences among the various ob-
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Figure 11.—Cumulative fluxes near Earth of micrometeoroids with
masses greater than a given mass or magnitudes less than a given
magnitude (ref. 89).

servations and shows the substantial reduction with
increasing mass in the number of expected impacts.

Even if the micrometeoroid-flux rates were known accu-
rately, it would not be possible to state the penetration
hazard, since the penetration properties of the high-speed
meteoroid material are not known. The direct penetra-
tion data that have been obtained (ref. 87) are therefore
especially valuable in this connection. Figure 12 (ref. 81)
presents the best estimate presently available for penetra-
tion of aluminum sheets; the penetration times for steel
would be about 10 times longer.

An appreciable concentration of micrometeoroid mate-
rial in the vicinity of the Earth has been observed (ref. 90),
apparently due to the effect of the Earth’s gravitational
field. This effect is shown in figure 13, which indicates
a decrease by a factor of 100 000 in the micrometeoroid
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Figure 12.—Average time for perforation of aluminum skin by
meteoroid penetration (ref. 81). Times for steel should be
abour 10 times longer.

flux in interplanetary space compared to that near the
Earth. The effect is also indicated in figure 12 by the
different estimates for near-Earth and deep-space condi-
tions, which indicate that the enhancement of the dust
cloud near the Earth disappears for particles heavier than
10 gram.

Meteoroid showers have also contributed to the varia-
bility of meteoroid-flux observations made in space vehi-
cles. For example, Alexander et al. (ref. 91) observed
an enhanced micrometeoroid flux associated with the
Leonid meteoroid stream. However, many of the older
meteoroid streams that are detected visually or by radar
do not contain significant numbers of micrometeoroids,
presumably because they have been dispersed from the
stream by the Poynting-Robertson effect, light pressure,
or solar-wind bombardment.

Meteoroids in space scatter sunlight and thus produce
zodiacal light. Within the uncertainty produced by such

36




RESULTS OF RESEARCH

o0}
.0
(3]
(1]
0
~N
“ -20F
~
]
(8]
(=]
g -3.0}
- .
o
|
4.0
~ z0D
1 1 1 1 cLD

2.0 3.0 4.0 5.0
Log altitude, km
Figure 13.—Variation with altitude above the Earth’s
surface in the flux of micrometeoroids (ref. 90).
ZOD CLD indicates the flux of dust particles that

constitute the zodiacal cloud in interplanetary
space.

poorly known parameters as meteoroid density, the inten-
sity of the zodiacal light can all be attributed to the scatter-
ing of sunlight by micrometeoroids in interplanetary space.
At one time, a portion of the zodiacal light was attributed
to electrons in interplanetary space (ref. 92). However,
later observations showed no polarized component that
had to be attributed to electrons (ref. 93). Any electron
contribution to the zodiacal light has the Fraunhofer struc-
ture smeared out, owing to the high thermal velocity of
electrons, whereas dust particles provide a scattered-light
spectrum that includes the Fraunhofer structure. Making
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use of this circumstance, Beggs et al. (ref. 94) have eval-
uated the electron contribution as between 1 and 2 percent
of the total arising from about 16 electrons/cm® in inter-
planetary space.

Noctilucent clouds have been observed frequently at
altitudes near 80 kilometers at high latitudes in summer.
It was often speculated that these might be due to meteoric
dust (ref. 95), although other arguments supported the
concept that they consisted of ice crystals (ref. 23).
Rocket experiments have succeeded in capturing cloud
particles on sensitized surfaces (ref. 96). These showed
the presence of solid particles, but the impacts also showed
evidence that the particles might have been encased in
ice. A later flight, which did not pass through a recog-
nizable cloud, recorded particles without any evidence of
ice, but in substantially lower numbers. Hence, it is
reasonable to assume that noctilucent clouds owe their
visibility to the presence of ice, and that the ice crystals
form on dust particles of meteoric origin. However, a
problem remains in the variability of the number of dust

nuclei.
MARS

On the basis of optical scattering data, it has been
believed in the past that the surface pressure on Mars is
about 85 millibars (refs. 97 and 98). However, the
optical-scattering technique, including polarization, for
the determination of surface pressure is not a very accurate
one, as the scattering by small particles that are apt to be
present in the atmosphere cannot be evaluated. The sur-
face pressure tends to be overestimated, even by as much
as an order of magnitude (ref. 99). The presence on
Mars of a blue haze is suggestive that small particles are
present, and that the surface-pressure value of 85 millibars
is therefore an overestimate.

A more reliable technique for the determination of the
surface pressure involves the pressure broadening of lines
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in the band spectrum of CO:. Two lines with different
pressure-broadening characteristics are required, one
essentially to evaluate the amount of CO: present in the
atmosphere and the other to determine the pressure to
which it is subjected. Kaplan et al. (ref. 100), utilizing
this technique, find a surface pressure 25==15 millibars and
a CO: content 5520 m-atm. They also find that the O-
content does not exceed 70 cm-atm.

Infrared-spectral measurements made from Stratoscope
IT (ref. 101) indicate a higher surface pressure, about 145
millibars (ref. 100). However, it is probable that this
result is in error, perhaps owing to an error in the deter-
mination of the solar-spectrum background. Kuiper (ref.
99) concludes that a surface pressure between 10 and 20
millibars is likely.

Kaplan et al. (ref. 100), using spectral plates that they
made during the 1962 opposition, identified water-vapor

lines at 8176.97, 8189.27, and 8226.96 A. From these,
they evaluated the water-vapor content of the Martian
atmosphere as 14-+7 u in good agreement with Sagan’s
(ref. 102) estimate of 10 », based on the temperature of
the polar caps, assuming that they were subliming.

VENUS

Six years ago, the surface temperature of Venus was
mosi often thought tc be no more than modestly in excess
of the highest temperature that had been determined on
the basis of infrared spectroscopy. Thiswas about285° K.
However, it was realized that clouds or haze made any
determination of the true surface temperature impossible.
When microwave measurements disclosed brightness tem-
peratures near 600° K for 10-centimeter wavelengths
(ref. 103), the source of the radiation was not apparent.
Three possible models were conceived to explain this, two
with surface temperatures of 600° K or above, and the
other with a dense, warm ionosphere that was considered
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to be the source of the microwave radiation (ref. 104).
The microwave data were soon shown to indicate a sur-
face temperature of about 700° K (ref. 105). At about
the same time, Spinrad (ref. 106) showed that lines in
the CO: spectrum showed temperatures near 440° K and
pressures near 5 atmospheres. The surface conditions
could be expected to be considerably more extreme. Fur-
ther, the fact that Spinrad could see so deeply into the
Venusian atmosphere showed that, of the two warm-sur-
face models that had been considered, only the greenhouse
hypothesis was tenable, as the thick dust clouds hypoth-
esized in the other model (the aeolosphere model) would
not have permitted the CO: radiation to escape.

The atmosphere of Venus is so hazy that the surface
cannot be seen in visible light, and the temperature at the
top of the haze layer is very low, about 235° K, accord-
ing to radiometric measurements made at wavelengths
near 10 u. Until recently, water vapor had not been
definitely identified (ref. 107). However, a recent bal-
loon flight (ref. 108) has shown that the water-vapor
content above the cloud tops amounts to about
2X 107 g/cm?’ if the pressure at the cloud top is 90 milli-
bars, or 5 107 g/cm” if the pressure is 600 millibars, these
pressures covering the usual range of estimates. Still more
recently, Bottema et al. (ref. 109) have shown that the
haze or cloud particles have the spectral properties of ice.
This may end the long series of conjectures that the parti-
cles might consist of solid carbon dioxide or some relatively
exotic compound. It is interesting to note that the con-
centration of water vapor above the cloud tops on Venus
is comparable to the amount present in the Earth’s atmos-
phere at similar pressure levels (ref. 108).

Radar measurements have disclosed that the rotational
period of Venus is very long, and that it probably rotates
synchronously with its orbit around the Sun, thus always
presenting the same side to the Sun (refs. 110 and 111).
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However, Goldstein (ref. 117), in a recent review, con-
cludes that the planetary rotation is retrograde, so that
the Venusian day would be approximately four Earth-
months in length. Under conditions of such slow rotation,
either retrograde or prograde, atmospheric circulation can
proceed almost totally uninhibited by the Coriolis force.
Owing to the great density and heat capacity of the
Venusian atmosphere, very slow currents, of the order of
1 m/sec, can transport from the sunlit to the nighttime
side of the planet an amount of heat sufficient to maintain
the dark side approximately as warm as the day side (ref.
113). Neither the radio data nor the infrared data show
any appreciable difference in temperature between the
light and dark sides (ref. 114).

The Mariner II spacecraft carried both infrared and
microwave radiometers. The infrared radiometers ob-
served the 10.4- and 8.4-» CO: bands. The former is
strong enough so that radiation would originate near the
top of the clouds, while the latter is weak enough so that,
in the absence of clouds, the radiation would come from
well below the cloud level. The brightness temperatures
from the two radiometers were the same, indicating con-
tinuous cloud cover. Limb darkening was observed, but
as it appeared to be about the same on both channels, this
was probably also caused by the cloud structure that pre-
vailed at the time (ref. 115). The microwave radiometers
operated at 13.5 and 19.0 millimeters. At the center of the
disk, these indicated a brightness temperature of 570° K,
and limb darkening was observed (refs. 116 and 117).
Thus, the Mariner I1 observations confirm the high surface
temperature for Venus. However, Barrett and Staelin
(ref. 118) have shown that detailed problems remain with
regard to the microwave emission, and it is suggested that
the surface pressure is greater than 100 atmospheres, or
that there is a dust concentration of the order of 10 g/m®
in the lower atmosphere.
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The reason for the very high surface temperature on
Venus is not understood. It has been suggested that it is
due to a greenhouse effect, but the temperature is surpris-
ingly high for a greenhouse effect in view of the high
albedo. The required greenhouse effect cannot be pro-
vided from CO: alone, but it is thought that water vapor
in the amount 10 g/cm* would produce the required effect
(ref. 119). The failure for a long time to detect any
water on Venus was therefore a circumstance disturbing
to the greenhouse theory.

JUPITER

During the years 1958-1964, some new knowledge has
developed concerning the atmosphere of Jupiter. Prior
to 1960, the principal information was that the atmosphere
contained 150 m-atm of methane and 7 m-atm of ammonia
above the cloud deck that obscures the surface (ref. 120).
Then Kiess et al. (ref. 121), using the very high resolution
that was required, found four lines of molecular hydrogen
in the photographic infrared. These were quadrupole
lines, predicted more than 20 years earlier by G. Herzberg.
Spinrad and Trafton (ref. 1) evaluated this observation
in terms of the molecular-hydrogen content above the
cloud deck and showed that it indicated about 27 km-atm.
This indicated that molecular hydrogen is a major, and
possibly predominant, constituent of the Jovian atmos-
phere. Other gases that might be present, such as helium,
argon, and neon, are not easily detected or evaluated by
spectroscopic means.

Spinrad (ref. 122) has made use of some data on star
occultations by Jupiter to determine a probable atmos-
pheric composition. Baum and Code (ref. 123) made the
star-occultation observations and found a scale height for
the Jovian atmosphere that indicated a mean molecular
weight of 3.3, assuming a temperature of 86° K.  While
this in itself indicates a substantial hydrogen content for
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the atmosphere, additional information is required, and
this was supplied by observations of the pressure broaden-
ing of methane lines by Spinrad and Trafton (ref. 124),
who showed that the total amount of inert gas above the
cloud deck is limited to about 16 km-atm. With this in-
formation, Spinrad was able to suggest the following
composition for the Jovian atmosphere:

Gas M Percent (by number) km-atm
CH, 16 1 0.15
NH, 17 .05 . 007
H, 2 60 27

He 4 36 16

Ne 20 3 .7

This mixture has a mean molecular weight of 3.4. Opik
(ref. 125) states that the mean molecular weight should
be somewhat higher, about 4.3, on the basis that the tem-
perature involved in the scale-height conversion to molecu-
lar weight should be higher than the values used by Baum
and Code; Opik used a value of 112° K. This would re-
quire increasing the neon-to-helium ratio in the above
table, and would probably even permit the inclusion of
some significant amount of argon.

Temperatures can be derived from the quadrupole
lines of hydrogen. Zabriskie (ref. 126) found a rotational
temperaiure of 170° K, while Spinrad (ref. 122) obtained
120° K. The difference reflects the uncertainties in the
measured quadrupole-line strengths in the planetary
spectra.
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chapter 3

Summary and Conclusions

N RECENT YEARS, results from sounding-rocket and satel-
lite measurements and theoretical and laboratory re-
search have contributed greatly to a better understanding
of the Earth’s atmosphere. The description of phenomena
in the upper atmosphere has become more detailed, and
the interpretation of the physical and chemical processes
occurring has broadened to include new concepts.

A start has been made in studying the atmospheres of
Mars and Venus. One of the most challenging problems
of the near future will be the direct investigation of Mars
and its atmosphere.

It has been learned that the isothermal-temperature
distribution of the Earth’s atmosphere above 300 kilo-
meters is subject to marked variations in temperature from
day to night, and to other variations that can be correlated
with solar activity. There are also annual and semi-
annual variations and changes with latitude. These latter
are not yet well understood. In addition to these, the
longest and largest single variation follows the 11i-year
cycle of solar activity.

Exceedingly . interesting, and sometimes unexpected,
details of atmospheric phenomena have been learned that
will be of great importance in achieving a detailed under-
standing of the behavior of the atmosphere. It has been
found experimentally that the temperature at high lati-
tudes in the 80-kilometer-altitude region is considerably
lower in the summer than in the winter. Also, a number
of phenomena have been verified that indicate certain
processes of the atmosphere are not in a state of equilib-
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rium at all times, and that these departures from
equilibrium are important in determining atmospheric
behavior. For instance, the electron temperature has been
found to be higher than the neutral-particle temperature
in the upper regions of the daytime ionosphere, and the
difference is quite large shortly after sunrise. In studying
the altitude distribution of components of the upper atmos-
phere, it has been recognized that disturbances of diffusive-
equilibrium distribution are significant in the cases of
atomic hydrogen and oxygen. In the case of hydrogen,
the rate of escape varies considerably over the course of
a sunspot cycle, while the source is relatively constant.
Accordingly, hydrogen concentrations are governed by the
rate of escape, which is determined chiefly by the daytime
temperature. In the case of oxygen, owing to different
altitude regions in which the greater part of the dissocia-
tion and recombination processes occur, there is a steady
flow upward of molecular oxygen and a downward flow
of atomic oxygen in the 85- to 130-kilometer region.

The role of helium in the upper atmosphere is under-
stood on a qualitative basis, but quantitative agreement
with input and rate-of-escape hypotheses has not been
reached.

Rocket measurements confirming the presence of nitric
oxide in the D-region have opened a question as to the
detailed processes occurring, since the measurements in-
dicate a concentration about 10 000 times that calculated
to be required to produce the D-region. The importance
of minor constituents in the atmosphere is well illustrated
here, for the concentration of nitric oxide amounts to about
2 parts per million at 85 kilometers, on the basis of the
rocket measurements,

The most detailed observations of the upper atmosphere
are of density. While the vertical profile of atmospheric
density is controlled by the temperature and composition
profiles, it is not possible to use density data to derive
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temperature and composition uniquely. Assumptions re-
garding composition or temperature profiles must also be
made. However, different research groups, working
independently in converting density data to temperature,
generally agree to better than 10 percent.

Density variations in the upper atmosphere are similar
to temperature variations, but much larger. Early satel-
lites, flown near sunspot-cycle maximum, encountered
densities larger than predicted. More recent satellite
data, obtained during sunspot minimum, are closer to the
original predictions. As a result of this research, the role
of the Sun in determining upper atmospheric density is
more fully understood, and our theories have been broad-
ened to account for the effect of changing solar-energy
input to the atmosphere.

Strong wind shears observed in long-persisting meteor
trails and by vapor releases from rockets are now believed
to be due to internal gravity waves, thought to originate
in the troposphere. The roles of internal gravity waves
in the energy budget of the atmosphere above about 140
kilometers, in the production of eddy mixing in the lower
thermosphere, and as an explanation of sporadic E are
problems that will receive detailed attention in the next
few years.

Previous theories of resonant gravitational excitation of
solar tidal oscillations in the atmosphere are not consistent
with the emerging picture of atmospheric structure, and
it appears that thermal excitation must be the principal
agent. However, our knowledge of the heat input from
different sources is insufficient to permit describing average
large-scale circulation or the average daily variations to
be expected. The effects of large-scale circulation and
eddy mixing on the composition of the thermosphere must
still be studied in detail.

As expected, the new results bring new questions and
cause reformulation of others. What is the latitudinal
distribution of atmospheric temperature, and how does it
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vary? What is the global distribution of the neutral
species? What are the characteristics of the hydrogen
flow around the Earth? How can the D-region jonization
be compatible with the recently obtained fluorescence
measurements of nitric oxide? What is the spatial distri-
bution of the diurnal density bulge? What is the average
character of the large-scale circulation of the upper
atmosphere?

With improved instrumentation and a greater variety
of rockets and satellites available, answers to many of the
questions raised above may be expected as the solar maxi-
mum is approached.

One of the important results of airglow studies in recent
years has been the discovery of Lyman-alpha radiation
from atomic hydrogen. About 85 percent of the radiation
is caused by telluric hydrogen, the remainder of extra-
terrestrial hydrogen. The intensity of Lyman-alpha radi-
ation shows a slow decrease with altitude, consistent with
scattering in a geocorona. In contrast, the 1304 A oxygen
line has been found to show a broad maximum at about
180 kilometers. The reason for this is not understood.
Laboratory and rocket studies have led to a change in the
theory of the oxygen green-line emission, from that of a
three-body reaction to a two-step process.

Progress has been made in studying the energy input of
auroras and in the relation of auroral particles to the Van
Allen belt. Contrary to the thinking of several years ago,
it now appears that at least some of the Van Allen radia-
tion (at least at high latitudes) is a result, rather than the
cause, of auroral phenomena. Energetic electrons have
been identified with bright auroral emission, while the
diffuse and extensive auroras are excited by protons.
Progress has also been made in understanding auroral
electrojets, although the details are not entirely clear.

While the quantity of airglow and auroral data in-
creascs and the quality improves, there still remains the
fundamental problem of uniquely relating the observa-
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tional data to the physical processes occurring in the upper
atmosphere. Significant breakthroughs in this regard are
expected in the coming years from payloads such as the
OGO-C, OGO-D, and OGO-F (POGO), which per-
mit simultaneous in situ measurements of the intensity of
airglow and auroras, the emission lines produced, the
neutral- and charged-particle concentrations, and the solar
emission. The experimental measurements are backed
up by intensive theoretical and laboratory efforts to exam-
ine the various excitation mechanisms, and to measure re-
action-rate coefficients and radiative lifetimes of pertinent
reactions.

A considerable extension of our knowledge of inter-
plantetary dust became possible with the advent of space
research. Direct measurements of particles from 107 to
10" gram have been made. Satellite results have pro-
vided evidence for the existence of meteor streams. Little
progress has been made in defining the structure, composi-
tion, and origin of these particles. The impact rate of the
top of the Earth’s atmosphere is about 6 X107 particles/
m®/sec/sr. The rate diminishes by about five orders of
magnitude for measurements in interplanetary space, re-
mote from the vicinity of the Earth. Near the Earth, the
penetration of thin structural materials has been found to
be about 310° penetrations m®/sec for the 25 »
thicknesses.

A great deal of practical concern exists regarding the
penetration hazard from meteoroids. Our present knowl-
edge of the peneration properties of meteoroids or of flux
rates is insufficient to permit more than broadly qualita-
tive answers at this time. However, a start has been made
in obtaining penetration data through direct measure-
ments by satellites. The source of zodiacal light is now
believed to be the scattering of sunlight by interplanetary
dust. Meteoric dust with a diameter of a few tenths of a
micron has been found in noctilucent clouds. Future ex-
periments will improve our knowledge of the spatial
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density, mass distribution, velocity, and charge of inter-
planetary dust particles. Identification of composition
presents a more formidable and challenging problem.

The atmosphere of Mars is a current example of a case
in which our thinking has undergone radical revision in
the last several years. The present estimates of surface
pressure are from 10 to 30 millibars, compared with the
earlier accepted value of about 85 millibars. This differ-
ence places a severe restriction upon the weight of scien-
tific instruments that can be carried by a soft-landing,
survivable capsule. It is a most urgent problem to define
the surface pressure and scale height of the Martian atmos-
phere as soon as possible. The ground-based observa-
tional and spectroscopic studies conducted during the
1964-65 opposition and the Mariner IV occultation ex-
periment should contribute to resolving this problem. The
characteristics of the winds and motions of the Martian
atmosphere are also problems of immediate practical
importance for successful capsule landings.

Estimates of the atmosphere of Venus have also under-
gone radical revision in recent years. Microwave observa-
tions from the Earth, spectroscopic data, and IR and
microwave radiometers on Mariner II have all indicated
considerably higher temperatures than the 285° K value
accepted until about 1958. At present, it appears that the
surface temperature of Venus may be in the vicinity of
700° K and that the surface pressure is somewhere in the
range of 5 to 100 atmospheres. Carbon dioxide has been
shown to be a prominent constituent of the atmosphere,
and some water vapor exists. Quite recently, it has been
found that the haze or cloud particles have the spectral
characteristics of ice. Today, the atmosphere of Venus
presents some of the most intriguing scientific questions
with respect to its origin, composition, and physical
characteristics.
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